We develop and analyze space-time coded cooper. atived iversity protocok for combating multipath fading across multiple protocol layers in a wireless network. The protocok exploit spatial diversity available among a collection of distributed terminals that relay messages for one mother in such a manner that the destination terminal can average the fading, even though it is unknown apriori which terminals will be involved. In particular, a s o w e initiates transmission to its destination, and many relays potentially receive the transmission. Those terminals that can fully decode the transmission utilize a space-time code to cooperatively relay to the destination. We demonstrate that these protocok achieve full spatial diver!ity in the number of cooper ating terminals, not just tbe number of decoding relays, and can be used effectively for higher spectral efficiencies than repetitionbased schemes. We discuss issues related to space-time code design for these protocols, emphasizing codes that readily allow for appealing distributed versions.
I. INTRODUCTION
In wireless networks, signal fading arising from multipath propagation is a particularly severe form of interference that can be mitigated through the use of diversity-transmission of redundant signals over essentially independent channel realizations in conjunction with suitable receiver combining to average the channel effects. Space, or muhi-antenna, diversity techniques are particularly attractive as they can be readily combined with other forms of diversity, e.g., time and frequency diversity, and still offer dramatic performance gains when other forms of diversity are unavailable. In contrast to the more conventional forms of single-user space diversity with physical arrays, this work builds upon the classical relay channel model
[I] and examines the problem of creating and exploiting space diversity using a collection of distributed antennas belonging to multiple terminals, each with its own information to transmit.
We refer to this form of space diversity as cooperative diversity (cf user cooperation diversity of [Z]) because the terminals share their antennas and other resources to create a "virtual array" through distributed transmission and signal processing.
Cooperative diversity between two cooperating terminals is examined in -0, the outage probability decays as l/SNRm. By contrast, the outage probability performance of non-cooperative transmission decays asymptotically as l/SNR('-n"orm), where 0 < R , , , , < 1 is allowed, and as l/SNR as R,,,, 4 0. Thus, while the outage probability performance of cooperative diversity can decay faster, it does so only for small R,,,,,in particular, for R,,,,
Of course, there are more general forms of decode-andforward transmission, just as there are more'general forms of space-time codes. Indeed, we will see in this paper that, once
we introduce a few variations on the decode-and-forward theme laid out in [4], the vast array of space-time coding literature can be brought to hear in the context of cooperative diversity, leading to a class of protocols that we call space-time coded cooperative diversity. Essentially, our new protocols consist of the following: all relays that can decode the original transmission re-transmit in the same suhchannel using a suitably designed space-time code. Fig. 1 illustrates the two phases of the protocol. Space-time coded cooperative diversity leads to schemes whose outage probability performance decays asymptotically proportional to roughly l/SNRm('-2R-m). achieve full spatial diversity order m as R . , , , + 0, (h) have larger diversity order than repetition-based algorithms for all R, , , , , 
II. SYSTEM MODEL
In our model for the wireless channel in Fig. 1 , narrowband transmissions suffer the effects of frequency nonselective fading and additive noise. Our analysis in Section Ill focuses on the case of slow fading, and measures performance by outage probability, to isolate the benefits of space diversity. While our protocols can be naturally extended to the kinds of wideband and highly mobile scenarios in which frequency-and timeselective fading, respectively, are encountered, the potential impact of our protocols becomes less substantial as other forms of diversity can be exploited in the system.
A. Medium Access
As in many current wireless networks, we divide the available bandwidth into orthogonal channels and allocate these channels to the transmitting terminals. The medium-access control (MAC) sublayer typically performs this function. For example, the MAC in many cellular networks seeks to allocate orthogonal channels, e.g., frequency-division, time-division, or code-division, to the terminals in a cell for communicating to the basestation of that cell. As another example, the MAC in the IEEE 802.1 I wireless LAN standard uses similar structures for LANs controlled by an access point, or a distributed contentionresolutiodcollision avoidance algorithm which facilitates random time-division.
For our cooperative diversity protocols described in Section Ill, transmitting terminals must also process their received signals; however, current limitations in radio implementation preclude the terminals from transmitting and receiving at the same time in the same frequency band. Because of severe signal attenuation over the wireless channel, and insufficient electrical isolation between the transmit and receive circuitry, a terminal's transmitted signal drowns out the signals of other terminals at its receiver input. Thus, we further divide each channel into orthogonal suhchannels. Fig. 2 illustrates an example channel allocation satisfying these constraints.
B. Equivalent Channel Models
Under the above orthogonality constraints, we can now con- In (I)-(Z), a;,, captures the effects of path-loss, shadowing, and frequency nonselective fading, and zj[n] captures the effects of receiver noise and other forms of interference in the system. We consider the scenario in which the fading coefficients are known to, i.e.,acc urately measured by, the appropriate receivers, but not fully known to (or not exploited by) the transminers. Statistically, we model ai,j as zero-mean, independent, circularly-symmetric complex Gaussian random variables with variances 1/Ai,,, so that the magnitudes lai,,l are Rayleigh distributed (lai,,\' are exponentially distributed with parameter Ai ,,) and the phases La;,, are uniformly distributed on IO, ZT). Furthermore, we model z, [n] as zero-mean mutually independent, circularly-symmetric, complex Gaussian random sequences with variance NO.
C. Paramererizations
As is the SNR without fading.
In addition to SNR, transmission schemes are further parameterized by the spectral efficiency R b/s/Hz attempted by the transmitting terminals. Note that throughout the paper R is the transmission rate normalized by the number of degrees of freedom utilized by each terminal, not by the total number of degrees of freedom in the channel.
Nominally, one could parameterize the system by the pair (SNR,R); however, our results lend more insight, and are substantially more compact, when we parameterize the system by (SNR, R,,,,,) , where' R, , , , = R/ log(1 + SNR) .
SPACE-TIME CODED COOPERATIVE DIVERSITY
We now develop and analyze a decode-and-forward based class of oooperative diversity protwols that we-call spa&-time lUnless ofienvise indicated, logarithms in this paper are e e n to base 2.
coded cooperative diversity. As we alluded in Section I, such protocols consist of the source broadcasting its transmission to its destination and potential relays. Potential relays that can decode the transmission become decoding relays and participate in the second phase of the protocol. Although the set of decoding relays D ( s ) is a random set, we will see that protocols of this form offer full spatial diversity in the number of cooperating terminals, not just the number of decoding relays participating in the second phase. Interestingly, potential relays that cannot decode contribute as much to the performance of the protocol as the decoding relays.
A. Mutual Information and Outage Probability
Since the channel average mutual information 1 is a function of, e.g., the coding scheme, the rule for including potential relays into the decoding set V ( s ) , and the fading coefficients of the channel, it too is a random variable. The event I < R that this mutual information random variable falls helow some fixed spectral efficiency R is referred to as an outage event,because reliable communication is not possible for realizations in this event. The probability of an outage event, PI[/ < RI, is referred to as the outageprobability of the channel.
Since D ( s ) is a random set, we first use the total probability law to write
V(s1 and we examine each term in the summation. I ) Outage Conditional on Decoding Set: Conditioned on D ( s ) being the decoding set, the mutual information between s and d(s) for random codebooks generated i.i.d. circularlysymmetric, complex Gaussian at the source and all potential relays can be shown to be the sum of the mutual informations for two "parallel" channels, one from the source to the destination, and one from the set of decoding relays to the destination. Thus P r [ I < RlD(s)] involves ID(s)l+ 1 independent fading coefficients, so we might expect it to decay asymptotically proportional to l/SNRIv(S)I+l. Indeed, while we leave out the details due to space considerations, (8) in such a way that the first term captures the dependence upon SNR and the second term captures the dependence upon {&,j}.
2) Decoding Sei Probability: Next, we consider the term PI [D(s)], the probability of a particular decoding set. As one rule for selecting from the potential relays, we can require that a potential relay fully decode the source message in order to participate in the second phase. Indeed, full decoding is required in order for the mutual information expression (7) to be correct; however, nothing prevents us from imposing additional reshictions on the members of the set V ( s ) . For example, we might require that a potential relay fully decode and see a realized SNR some factor larger than its average.
Since the realized mutual information between s and r for (14) into (1 I), we arrive at the following simplified bounds for outage probability
C. Diversity-Multiplexing Trade01
An interesting tradeoff between diversity and multiplexing arises when we parameterize ours results in terms of (SNR,R,,,,), with R, , , , given in (5). Specifically, when we approximate P r [ I < R] = SNR-a(n"srm),in the sense of equality to first-order in the exponent, i.e., corresponding to columns in a code matrix. Absence of an antenna corresponds to deletion of a column in the matrix, but the columns remain orthogonal, allowing the code to maintain its diversity benefits. Thus space-time coded cooperative diversity protocols may be readily deployed in practice using these SpaceTime, U p p r Bound codes.
SpaceTimc, Lower Bound

B. Distributed Implementation
Given a suitably designed space-time code, space-time coded cooperative diversity reduces to a simple, distributed network protocol. When each terminal transmits its message, the other terminals receive and potentially decode, requiring only an SNR measurement. If a relay can decode, it transmits the information in the second phase using its column from the spacetime code matrix. Because the destination receiver can measure the fading, it can determine which relays are involved in the second phase and adapt its decoding rule appromiatelv. Although repetition-coded cwpemtive diversity (pen), and space-time coded cwpemversity promcols provide full spatial diversity order m, the number of coopersting terminals. Relative to direct transmission, space-time coded cooperative diversity can be effectively utilized for a much bmder m g e of Rnorm than repetition-coded cooperative diversity, especially as m becomes large.
certainly the terminals could exchange more information in oroverhead is not required in order to obtain full diversity.
one of the key challenges to implementing such a protocol could be block and symbol synchronization of the cooperating terminals. Such synchronization might be obtained through periodic transmission of known synchronization prefixes, as proposed in current wireless LAN standards. A detailed study of issues involved with synchronization is beyond the scope of the present paper. 
Iv. PRACTICAL ISSUES
A . Space-Time Code Design
The outage analysis in Section III relies on a random coding argument, and demonstrates that full spatial diversity can be achieved using such a rich set of codes. In practice, one may wonder whether or not there exist space-time codes for which the number ofparticipating is not known a priori and yet full diversity can be achieved. More specifically, if we design a space-time code for a maximum of N transmit antennas, but only a randomly selected subset of actually transmit, can the space-time code offer diversity n? It turns out that the class of.bpace-time block codes based upon orthogonal designs have' this property [9] . Essentially, these codes have orthogonal waveforms emitted from each antenna,
